Introduction
Approximately one-half of all genes coding for proteins have been found to be polymorphic in natural populations ( Selander 1976 Clarke ( 1975) has outlined a strategy to examine this problem. One of the first steps of this strategy is the characterization of purified allelic isozymes on a biochemical level, noting any differences between them. The teleost Fundulus heteroclitus is an excellent model species for such studies.
Fundulus heteroclitus inhabits a wide variety of estuarine environments, encompassing a broad range of temperature and salinity regimens. The species exhibits a high degree of genetic variability (Powers and Place 1978; Van Beneden et al. 198 1; Brown et al. 1988). The gene frequency of many of these loci varies in a clinal fashion
as a function of latitude Cashon et al. 198 1; Ropson et al. 1988) . Several of these polymorphic enzyme systems are being studied on various levels of biological organization. These systems include lactate dehydrogenase-B (Place and Powers 1979 , 1984a , 1984b DiMichele and Powers 1982a, 19828; Powers et al. 1983 ) , isocitrate dehydrogenase ( Gonzalez-Villasenor and Powers 1986a, 1986b) , glucosephosphate isomerase (Palumbi et al. 1980; Van Beneden and Powers 1985, and in press) , and malate dehydrogenase (R. A. Cashon and D. A. Powers, unpublished data) . Another locus that displays clinal variation in allele frequency is the hexose-6-phosphate dehydrogenase locus ( Ropson et al., submitted) .
H6PDH has been shown to catalyze the same reaction-NADP + + glucose-6-phosphate (Glc-6-P) * 6-phosphogluconolactone + NADPH + H+-as does glucose-6-phosphate dehydrogenase (G6PDH), but it also reacts with several other substrates, including galactose-6-phosphate, 2-deoxyglucose-6-phosphate, glucose-6-sulfate, and glucose itself. Additional coenzymes that can participate in the reaction include a deamino derivative of NADP+ (hypoxanthine nicotinamide dinucleotide phosphate), 3-acetylpyridine adenine dinucleotide phosphate, and, in some species, NAD+ (Buetler and Morrison 1967; Hori and Takahashi 1977) . The enzyme's apparent function is to supply reducing equivalents in the form of NADPH to the microsomal fraction, for steroid metabolism and detoxification Kimura et al. 1979; Stegeman and KIotz 1979; Sawada et al. 1981; Hino and Minakami 1982a , 1982b Kulkarni and Hodgson 1982) .
The H6pdh-A locus in Fundulus heteroclitus has three major and several minor alleles (Brown et al. 1988 ) . The H6PDH-AcAc allelic isozyme is the predominant form in northern populations ( fig. 1C ) while the H6PDH-A"A" and H6PDH-AbAb allelic isozymes are the predominant homozygous forms in southern populations (figs. 1 A, 1 B) . The present paper compares and contrasts the properties of these homozygous allelic isozyme combinations.
Material and Methods

Chemicals
The following chemicals were purchased from Sigma Chemical Company: Glc-6-P, galactose-6-phosphate (sodium salt), NADP+, NAD+, glycyl-glycine, potato starch hydrolyzed for electrophoresis, nitro blue tetrazolium (NBT), phenazine methosulfate (PMS), triton X-100, Coomassie brilliant blue R, silver nitrate, trizma base, ethylenediaminetetraacetic acid (EDTA), sodium dodecyl sulfate (SDS), and all protein standards. Ammonium sulfate (special enzyme grade) was purchased from Schwarz/ Mann, Inc. Galactose-6-phosphate (barium salt) was purchased from Chemical Dynamics Corporation. Blue dextran 2000 and pharmalytes, pH range 3-10, were purchased from Pharmacia, Inc. Bio-Rad Laboratories was the source of Agarose A 0.5 M and the Bradford (1976) protein assay reagents. All other chemicals were reagent grade. The concentration of both dinucleotides was determined spectrophotometrically. The molar extinction coefficients used for NAD+ and NADP+ were EzeO = 1.73 X lo4 M-' cm-' and EzbO = 1.8 X lo4 M-' cm-', respectively (Bergmeyer 1974, pp. 546-547 ) . Glc-6-P concentration was determined by enzymatic analysis ( Bergmeyer 1974 ( Bergmeyer , pp. 1238 ( Bergmeyer -1242 .
Organisms
Adult fish were caught in minnow traps from two locations: W&asset, Me., and Stone Harbor, N.J. The Wiscasset population was used as the source of H6PDH-ACAC allelic isozyme, which is found at a frequency >0.98 in this population ( fig. 1C) . Fish from this population were dissected in the field, and their livers were stored immediately in liquid nitrogen. The Stone Harbor population was used as the source of H6PDH-AaA a allelic isozyme (allele frequency = 0.150) and H6PDH-AbAb allelic isozyme (allele frequency = 0.475) (figs. lA, 1B).
Starch Gel Electrophoresis
Fish from the Stone Harbor population were dissected in the laboratory, and their livers were divided into two pieces: a small chip was used to determine the genotype by starch gel electrophoresis, and the remainder was used for enzyme purification. The liver chip was placed in a 13 X 75-mm labeled test tube on ice. The remainder of the liver was placed in a correspondingly labeled aluminum foil packet, sealed, and placed immediately in liquid N2. An approximately equal volume of a 1:20 dilution of the EBT buffer (0.9 M Tris, 0.5 M boric acid, and 0.02 M EDTA; Ridder 1983) made 1% ( v/v) in triton X-100 was added to each liver chip. These samples were sonicated by two 3-5-s bursts at high power with a tissue sonifier (Heat Systems-Ultrasonics, Inc.). The homogenate was taken up into capillary tubes and centrifuged for 10 min at 5,000 g, by using a microhematocrit centrifuge (Damon/ IEC). The supematant was absorbed onto a 5 X 7-mm filter-paper wick (Whatman #l) prior to electrophoresis. Electrophoresis was carried out on an 11% (w/v) starch gel containing 10% (w/v) sucrose, 0.17% (v/v) triton X-100 and was buffered with a 1:20 dilution of EBT (according to a method adapted from Ridder 1983). The electrode buffer was a 1: 5 dilution of EBT. Histochemical staining was accomplished by an adaptation of the method of Shaw and Prasad (1970) for G6PDH. Fifteen milligrams NADP +, 10 mg NBT, 50 mg barium galactose-6-phosphate, and 2-3 mg PMS were dissolved in 50 ml 100 mM Tris, 0.1 mM EDTA, pH 8.0, for histochemical staining. Staining was allowed to proceed for 30-90 min at 35°C. More than 3,200 individuals were used for this study. The nomenclature for allelic variants designates the most anodal homozygous allelic isozyme (highest electrophoretic mobility) as H6PDH-AaAa, with the H6PDH-AbA b allelic isozyme being the second most anodal, etc. ( Brown et al. 1988 ) . Liver samples were pooled according to their allelic isozyme composition and were stored in liquid nitrogen. A total of 5.1 g liver that was typed as H6PDH-A aAa and 2 1.6 g liver that was typed as H6PDH-AbA b were obtained for further studies.
Purification
The detailed purification scheme for H6PDH-A2 has been described . In brief, H6PDH-A2 was purified by six successive fractionation procedures. Ammonium sulfate precipitation (5%-45% saturation) of a crude homogenate was followed by fractionation on three columns: DEAE-cellulose (Whatman, Ltd.), Matrex Gel Red A (Amicon, Inc.), and 2'5'ADP-Sepharose. Affinity elution was accomplished on the 2'5'ADP-Sepharose column by using 1 mM NADP+. The peak fractions from this column were concentrated by pressure ultrafiltration (Amicon, Inc.) and were fractionated on a preparative isoelectric focusing column (LKB Instruments, Inc.) by using an ampholyte gradient from pH 5 to pH 8. The final step was a separation by size on an Agarose A 0.5 M column ( Bio-Rad Laboratories). The purification protocols for the various allelic isozymes were essentially identical, differing only in scale, which was based on the amount of tissue of each allelic isozyme available. All procedures were carried out at 4°C. Buffers were titrated to the correct pH, with care being taken to correct for temperature. A unit of activity is defined as the amount of enzyme necessary to convert 1 pmol NADP+ to NADPH at 25°C when Glc-6-P is the substrate.
The criteria used to determine purity were (a) constancy of specific activity on implementation of further fractionation procedures, (b) a single electrophoretic band under both denaturing (lauryl sulfate) and nondenaturing conditions, and (c) ho-mogeneity on the basis of isoelectric focusing. Protein content of fraction pools was determined by the micro Bradford (1976) method as described in the Bio-Rad manual. The protein standard was bovine gamma globulin. Electrophoresis SDS-polyacrylamide gel electrophoresis was done on slab gels of 7.5%, lo%, and 12.5% acrylamide by using the discontinuous system of Laemmli ( 1970) . Typically, a 9 X 14-cm 2 gel, with a 2-cm stacking gel, was used. For determination of molecular weight, protein standards were run in parallel lanes. Protein bands were made visible with either Coomassie blue (Fairbanks et al. 197 1) or silver stain (Wray et al. 198 1) . Native acrylamide gels ( 7.5% acrylamide) were run in the same manner, with the SDS being replaced by distilled water. Protein bands were made visible by the same methods as described for the SDS gels, and enzyme activity was localized by histochemical staining as described for starch gels. Analytical isoelectric focusing was performed in vertical slab gels according to the method of Wrigley (197 1). Gels were run at 100 V (constant voltage), with cooling being supplied by tap water (16°C) until the amperage was constant for 26 h (16-24 h total run time). Gels to be stained for protein were fixed by immersion in 35% 5-sulfosalicylic acid, 11.5% trichloracetic acid, and 30% methanol for 1 h and then being soaked in 30% methanol for 36 h with constant shaking to remove ampholytes. Gels were stained for protein and enzyme activity as described above.
Gel Filtration
The molecular weight of each allelic isozyme was estimated by gel filtration chromatography on an Agarose A 0.5 M column (2.5 X 95 cm). The buffer consisted of 100 mM potassium phosphate, 0.1 mM EDTA, pH 8.0. The column was calibrated with the following proteins, each at an initial concentration of 5 mg/ml: equine apoferritin, sweet potato p-amylase, yeast alcohol dehydrogenase, bovine serum albumin (BSA), chicken ovalbumin, and bovine carbonic anhydrase. Void volume and internal volume were determined with blue dextran 2000 and glycyl-glycine, respectively. The column was analyzed by the method of Ackers (1975) .
Heat Denaturation Studies
Thermal stability studies were performed in 100 mM T&Cl, 0.1 mM EDTA, pH 8.0, containing 1 mg BSA/ml. Purified enzyme was diluted approximately lofold to a concentration of 0.1-0.2 Unit/ml (a Unit is defined as the amount of enzyme necessary to reduce 1 pM NADP '/min) . Fifty-microliter aliquots of enzyme were incubated in 6 X 50-mm culture tubes in a water bath at temperatures ranging from 30°C to 60°C for 30 min. Samples were placed on ice immediately after incubation, and the remaining activity was assayed in quadruplicate. The assay mixture consisted of 1 mM Glc-6-P, 0.2 mM NADP+ in 100 mM Tris-Cl, 0.1 mM EDTA, pH 8.0. No renaturation or further denaturation of enzyme activity was observed after the mixture was placed on ice. The time course of denaturation was examined by incubating 0.5 ml purified enzyme at the same concentration in the same buffer at 47°C. Fiftymicroliter aliquots of enzyme were taken at time intervals of 5, 15, 30, 45, 60, 75, 90 , and 105 min. These aliquots were immediately placed on ice. The remaining activity was determined in quadruplicate for each time point and was fitted to both first-and second-order decay equations by using the nonlinear least-squares regression procedure of the Statistical Analysis System (SAS Institute, Gary, N.C.).
Initial Rate Kinetics
A Beckman ACTA C-III UV-visible spectrophotometer equipped with an automatic sampling system capable of monitoring four reactions sequentially was used for kinetic studies. Changes in absorbance at 340 nm were recorded every 12 s and were converted to digital output by an Applied Engineering A-D converter board in an Apple II+ computer interfaced to the spectrophotometer. Initial velocities were determined by nonweighted linear least-squares regression of the first 8-20 time points. The buffer used was 100 mM Tris-Cl, 0.1 mM EDTA, pH 8.0. Temperature was maintained at 25°C with a recirculating water bath (Formatemp Junior). Cuvettes containing specific concentrations of reagents (final vol. 2.5 ml) were equilibrated at 25°C before starting the reaction. Reactions were initialized by the addition of enzyme. Three matrices were devised for the study of the kinetic properties of each allelic isozyme: one in which the Glc-6-P concentration was varied at several NADP+ concentrations with no NAD+ present, one in which NADP+ concentration was varied at several concentrations of NAD+ with Glc-6-P concentration held constant at -100 pM, and the final matrix, in which Glc-6-P concentration was varied at several NAD+ concentrations while the NADP+ concentration was held constant at -50 pM. In the study of each of the three allelic isozymes, at least 25 different combinations were used for each matrix.
Mean initial velocities of four or more replicates were used to construct Lineweaver-Burk plots. The parameters determined by these plots were used as starting values for nonlinear regression analyses. The nonlinear least-squares regression procedure of the Statistical Analysis System was used to determine the kinetic parameters and their SDS, the goodness of fit, and the correlation between parameters and to plot the residuals against all variables. All replicates were treated as independent measurements of initial velocity. The univariate statistics procedure of the Statistical Analysis System was used to determine the error structure of replicate velocities and to test the residual distribution for normality. The criteria of Mannervik (1983) were used to examine the goodness of fit to the model equations. Kinetic parameters were considered significantly different from each other if their 95% confidence intervals did not overlap.
Results
Purification
The details of the purification of H6PDH-A2 from Fundulus heteroclitus have been discussed elsewhere . All purified preparations were visualized as single bands on polyacrylamide gels (SDS, native, isoelectric focusing). The purification characteristics of the individual allelic isozymes are compared in table 1. Large differences (nearly an order of magnitude) in final specific activity were found among the purified allelic isozymes. The northern allelic isozyme (H6PDH-ACAC) had the highest specific activity, the H6PDH-AaAa had the lowest specific activity, and the H6PDH-AbAb allelic isozyme had an intermediate specific activity.
Physical Parameters
No significant differences were found among the three H6PDH-A2 allelic isozymes studied for native and subunit molecular weight. Polyacrylamide gel electrophoresis in the presence of SDS yielded a subunit molecular weight of 54 kD and a native molecular weight of -2 10 kD for all three allelic isozymes. These values are comparable NOTE.-Specific activity is shown as PM NADPH formed/min/mg of protein when Glc-6-P is the substrate in 100 mM Tris, 0.1 mM EDTA, pH 8.0, at 25°C after storage for 2-4 mo.
to those found in cow (Campbell et al. 1982 ) and pig H6PDH (Carper et al. 1983) but not with that found in rat (Hori and Sado 1974; Hino and Minakami 19823) or carp H6PDH (Matsuoka and Hori 1980) . A native molecular weight of 220 kD and a subunit molecular weight of 54 kD suggests that the enzyme is a tetramer. This prediction conflicts with the typical dimeric enzyme pattern found on starch gels ( 1:2: 1 ratios in histochemical staining of a heterozygote ) . The discrepancy may be the result of a native dimer of dimer assembly units (e.g., hemoglobin), in which one of the true subunits is polymorphic and both subunits have identical molecular weights, or it may be a function of the evolutionary history of the enzyme (see Discussion ) .
The isoelectric points of H6PDH-AaAa, H6PDH-A bA b, and H6PDH-ACAc were 6.55, 6.60, and 6.65, respectively. These values are compatible with their relative electrophoretic mobility on starch gels, where the H6PDH-AaAa allelic isozyme is the most mobile, the H6PDH-AbAb allelic isozyme shows intermediate mobility, and the HBPDH-ACAc alIelic isozyme exhibits the least electrophoretic mobility. The isoelectric points of the allelic isozymes are within the range of those found in other species (Stegeman and Goldberg 197 1, 1972b;  Hino and Minakami 19823) .
Heat Denaturation
Heat denaturation profiles of the H6PDH-A2 allelic isozymes are shown in figure  2 . The H6PDH-AaAa allelic isozyme had the highest &-,, the temperature at which 50% of the enzyme is denatured, the H6PDH-ACAC allelic isozyme had the lowest TsO, and the H6PDH-AbAb allelic isozyme had an intermediate TsO (table 2) .
The denaturation profile of a mixture of purified H6PDH-A2 ahelic isozymes was a mixed-order decay presumably due to the different decay rates of the constituent allelic isozymes. If this assumption is correct, then a purified preparation of any single allelic isozyme should yield a first-order decay. While a simple exponential (firstorder) decay best fitted the denaturation profile of the purified H6PDH-AaAa and H6PDH-A"A" allelic isozymes at 46"C, the denaturation of the H6PDH-A bAb allelic isozyme was best fitted by a biphasic exponential decay ( fig. 3, table 2 ). The purified HBPDH-AbA b allelic isozyme is presumably contaminated by a small amount ( -15%) of another allelic isozyme with similar electrophoretic mobility but different heat denaturation kinetics. In any case, significant differences in heat denaturation decay constants were found among the allelic isozymes (table 2 ) .
Ropson and Powers
Discussion
Evolution of H6PDH H6PDH is thought to have evolved from G6PDH at the time of echinoderm evolution (Hori et al. 1975; Stegeman and Yamauchi 1975; Mochizuki and Hori 1976; Matsuoka et al. 1977 Matsuoka et al. , 1983 Matsuoka and Hori 1980) , possibly owing to a gene duplication-fusion event (Yoshida 1975) . A typical G6PDH has a subunit molecular weight of -50 kD and has a holoenzyme molecular weight of either 100 kD, if the active enzyme is a dimer, or 200 kD, if the active unit is a tetramer (Levy 1979) . If one considers the H6PDH monomer to be two progenitor G6PDH subunits linked together, one might expect that the linkage region would be particularly sensitive to in vivo or in vitro proteolysis during purification. The subunit molecular weight in rat was found to be -100 kD (Hori and Sado 1974; Hino and Minakami 1982b) , which degraded to smaller fragments in the presence of trypsin (Hori and Noda 197 1) . The partially digested enzyme retained catalytic activity ( Hori and Takahashi 1977 ) . Starfish H6PDH was also degraded to a smaller native molecular weight during purification (Matsuoka et al. 1977) . This degradation was blocked by the addition of protease inhibitors during purification. Unfortunately, addition of protease inhibitors (PMSF, iodoacetamide, and soybean trypsin inhibitor) to the homogenization and column buffers used in the purification of H6PDH-A2 did not affect the subunit molecular weight. Thus, the subunit structure of H6PDH-A2 remains somewhat ambiguous, although it is usually assumed to be a dimer (Stegeman and Goldberg 1972a; Hori and Sado 1974; Mochizuki and Hori 1976; Matsuoka et al. 1977; Hino and Minakami 1982b) .
Allelic Comparisons
The neutralist hypothesis (Kimura 1979) implies that most allelic alternatives are functionally equivalent. Among the H6PDH-A2 allelic isozymes we have uncovered in vitro functional differences in thermal stability and in steady-state kinetic parameters.
While heat stability studies are useful probes for enzyme flexibility and structure, differences in heat stability in vitro do not necessarily mean that there is an adaptive advantage to the organism in vivo. Differences in heat stability among allelic isozymes are frequently correlated with environmental gradients in temperature that correspond to the clinal distribution of those alleles [e.g., Drosophila alcohol dehydrogenase (Day and Needham 1974; Chambers 1984) ; Tigriopus calzjbrnicus glutamate pyruvate transaminase ( Burton and Feldman 1983 ) ; human triose phosphate isomerase (Asakawa and Satoh 1986) ; Drosophila esterase-6 ( Danford and Beardmore 1979) ; Mytilus edulis glucose phosphate isomerase (Hall 1985) ; mouse glucose phosphate isomerase (Charles and Lee 1980) ; etc. 1. However, the opposite relationship-i.e., that in which the most heat-sensitive allelic alternative is found in the warmest environment-has also been found (Fundulus heteroclitus lactate dehydrogenase-B; Place and Powers 19843) . When the TSO's of enzymes are much higher than the upper lethal temperature for the organism, a selective role for thermal denaturation is questionable (Somero 1978) . However, when the T&s of allelic isozymes are similar to those temperatures experienced by the organism, there might be some selective advantage. The studies of Watt (1977 Watt ( , 1983 and Watt et al. (1983) on the allelic isozymes of glucose phosphate isomerase in Colias butterflies are some of the better examples of such a study, in which the TSO's of several allelic isozymes are within the physiological temperature range of the organism. The TSO's of the allelic isozymes of F. heteroclitus glucose phosphate isomerase-B are also within the thermal range of the animal (Van Beneden and Powers 1989) .
Temperatures >,39 "C have been recorded in isolated marsh pools inhabited by immature F. heteroclitus (Rennis 1978) . These temperatures were found in a marsh at Lewes, Del., a point near the middle of the F. heteroclitus range. Even higher temperatures are found at more southern latitudes (D. A. Powers, unpublished data). The purified H6PDH-A 'AC allelic isozyme exhibits significant denaturation in a 30-min incubation in this temperature range. If in vitro heat denaturation is related to in vivo temperature sensitivity for this enzyme, then the H6PDH-A "AC allelic isozyme (northern type) might be disadvantageous in warmer environments, compared with the more heat-stable allelic isozymes ( H6PDH-A"A" and H6PDH-A bA b, that are commonly found at the warmer, southern latitudes. However, rate studies of enzyme synthesis and degradation would have to be done to test this hypothesis. Although significant differences among the allelic isozymes were found for specific activity and V,, , it is not known whether the allelic isozymes actually differ in catalytic efficiency. Specific activity and I'max depend on the intrinsic turnover rate (kat) and on the active-enzyme concentration. The active-enzyme concentration is not n-y equivalent to protein concentration. If the purified protein has some "inactive" protein (e.g., denatured enzyme or a contaminant protein), then the active-enzyme concentration will always be less than the protein concentration. This important point is sometimes misunderstood by those studying allelic isozymes. Thus, these differences in H6PDH specific activity among allelic isozymes may be the result of differing amounts of active enzyme, rather than the result of intrinsic differences in kat. Further studies, by methods such as active-site titration, are necessary to test this hypothesis.
Among the allelic isozymes, the differences in K,,, and Ki may be important relative to the microsomal substrate concentrations (i.e., NADP+ and Glc-6-P). Unfortunately, the microsomal concentrations of NADP+ and Glc-6-P are not currently known for any species. It would be interesting to test, in studies similar to those done on the lactate dehydrogenase-B allelic isozymes in F. heteroclitus Powers 1979, 1984a) , whether, among the allelic isozymes, the differences in Km and Ki are maintained, reduced, or amplified at other temperature and pH values.
Perhaps the allelic isozymes may have evolved in a stepwise fashion. The H6PDH-AcAC exhibits (a) the lowest electrophoretic mobility, ( b) the highest Km values for NADP+ and Glc-6-P, and (c) the lowest thermal stability. The H6PDH-AbAb allelic isozyme has (a) a slightly greater electrophoretic mobility, (b) a lower K,,, for Glc-6-P than does the H6PDH-ACAC allelic isozyme, (c) the same K,,, for NADP+ as does the H6PDH-ACAC allelic isozyme, and (d) a greater thermal stability. The H6PDH-A"A" allelic isozyme exhibits (a) the greatest electrophoretic mobility, (b) the highest degree of thermal stability, ( c) a lower K,,, and Ki for NADP + and NAD+ than does either of the two other allelic isozymes, and (d) the same Km for Glc-6-P as does the H6PDH-AbAb allelic isozyme. It is possible that a stepwise series of mutations may have occurred, leading from the characteristics of the H6PDH-ACAC allelic isozyme to the characteristics of the H6PDH-A"A" allelic isozyme via the H6PDH-AbAb allelic isozyme. This hypothesis could be tested by the isolating and sequencing of H6pdh-A cDNA from gene banks constructed from fish having the appropriate H6pdh-A genotypes. In summary, although significant differences in the kinetic and physical characteristics of H6PDH-A2 allelic isozymes have been uncovered, it is not known whether these differences are reflected at higher levels of biological organization. As a conse-
